Since 2002, the United States Environmental Protection Agency (USEPA) has approved ten enzyme-based total coliform and E. coli detection tests for examination of drinking water. These tests include: Colilert w , Colilert-18 w , Colisure w , m-Coli Blue 24 w , Readycult w Coliforms 100, Chromocult w , Coliscan w , E p Colite w , ColitagY and MI Agar. The utility of the enzyme based test
INTRODUCTION
Protection of groundwater from microbial contamination is and E. coli methods must include enhancements in order to work effectively in a variety of water matrices. For example, buffers, salts and micro-nutrients are added to enhance enzyme expression. These additives are particularly important in tests that permit enumeration, where the enzyme production from a single organism must be detected.
Another important ingredient might be an antibiotic (i.e. Cefsulodin) added to suppress the activity of non-coliforms while leaving the coliforms unaffected. For example, Aeromonas, a non-coliform, is known to produce small amounts of ß-D galactosidase. A concentration of 1000 (cfu/100 ml) unsuppressed Aeromonas in a 100 ml water sample could trigger a false positive result (Kluender et al. 1997; Landre et al. 1998) .
During the 1990s, three USEPA approved enzyme Fricker et al. 2003 have reported specific problems with some of the newly approved products, however, no comprehensive studies detailing the side-by-side performance of all these new tests have been published (Fricker et al. 2003) . Preliminary work performed at the Wisconsin State Laboratory of Hygiene suggested differences in the efficacy of some of the newly approved enzyme substrate methods. These preliminary findings led to the project described in this report. The objectives of the project were threefold; 1) to determine the capabilities of all of the USEPA approved enzyme substrate methods to detect the presence or absence of total coliform and E. coli in three chemically diverse Wisconsin groundwaters, 2) to determine the ability of each product to accurately detect and quantify the number of total coliforms and E. coli in these groundwaters, 3) to determine each product's ability to suppress various concentrations of two Wisconsin environmental strains of Aeromonas spp., which may represent a non-coliform and heterotrophic bacteria that are likely to occur as a false positive interference (Faber et al. 1997; Kluender et al. 1997; Landre et al. 1998 ).
METHODS
The ten enzyme-based tests evaluated during this project were all USEPA approved methods for drinking water analysis (USEPA Lab. Certification Manual 2005) . Although there are many similarities in the approved methodologies, seven of the methods have distinctive characteristics and features. Each method is identified and described below.
1) Colilert w (IDEXX, Westbrook, Maine, WP200):
Colilert w uses ONPG (ortho-nitrophenyl-ß-D-galactopyranoside) and MUG (4-methyl-umbelliferyl-ß-D-glucuronide) as substrates to simultaneously detect total coliform and E. For the total coliform and E. coli detection portion of the experiment, triplicate pairs of individual water samples were spiked with one ml aliquots of the spike material from each strain of bacteria at levels that resulted in 1 -10 and 50-100 bacteria in the 100 ml test vials.
For the Aeromonas spp. suppression procedure, two strains of Aeromonas spp. were obtained through the same culture protocol as described above. One-hundred ml samples spiked with 10 1 , 10 2 , 10 3 , 10 4 , 10 5 and 10 6 of each Aeromonas spp. strain were prepared. This spiking protocol was repeated on three separate days for each of the three sampling sites. On one occasion, as seen in Table 9 for Aeromonas spp. strain #1, the spike level was one log lower for each spike level due to spiking error.
As the samples were spiked, a heterotrophic plate count Federal Register 1989a , b, 1992 , 1994 , 2002  USEPA Method 1604 2002).
RESULTS
Federal regulations regarding the occurrence of total coliforms and E. coli in drinking water are based on the presence or absence of the organisms rather than the numbers of organisms detected. Consequently, any test method must be capable of reliably producing this presence/absence result. Tables 4, 5 and 6 show the ability 
Enumeration methods
In addition to the ability to simply detect the presence/ab- The re-test resulted in verification of the initial results.
It also becomes apparent that individual test methods vary in their ability to recover specific coliform organisms.
For example Colilert-18 w does a poor job in recovery of valuable information gathered from these graphs is the obvious effect of sample matrix on the ability of individual test systems to recover the spiked organisms.
With each site representing different water quality characteristics, the figures (Figures 3 and 4) for each test spiked with 1 -10 (low) and 50 -100 (high) organisms demonstrate significant differences among the methods ability to recover the spiked organisms at a 100% level. (LeChevallier et al. 1996; McMath et al. 1999; Williams & Braun-Howland 2003) .
Perhaps the most important aspect of a product's performance lies in its ability to perform on actual world samples where large numbers of non-target organisms can interfere with the test results. The Aeromonas spp. suppression experiment was aimed at testing this aspect of product performance. The expected result is that a product will suppress the growth and galactosidase production of the non coliform organisms even when the non coliform organism level is in the 10 5 range. The data from the Spike amount 10 1 10 2 10 3 10 4 10 5 10 6 10 1 10 2 10 3 10 4 10 5 10 6
Product
Colilert 2 2
Aeromonas spp. suppression analysis are presented in Tables 8, 9 and 10, once again stratified by sampling site.
The data indicates that there was a wide diversity in the ability of the various products to suppress Aeromonas spp. study suggests that there are significant differences between the ten USEPA approved methods both in the ability to detect total coliforms and E. coli and in their ability to suppress false positive results from the non coliform Table 10 | Product ability to suppress two different strains of Aeromonas spp. at multiple levels of contamination spiked into water collected from Site 3
Site 3 Organism Aeromonas spp. strain #1 Aeromonas spp. strain #2 Spike amount 10 1 10 2 10 3 10 4 10 5 10 6 10 1 10 2 10 3 10 4 10 5 10 6 Product Colilert 2 2 2 2 2 2 2 2 2 2 2 2
Colilert-18 2 2 2 2 2 2 2 2 2 2 2 2
Colisure-24 2 2 2 2 2 2 2 2 2 2 2 2
Colisure-48 2 2 2 2 2 2 2 2 2 2 2 2
Readycult 2 2 2 2 2 2 2 2 2 2 2 2 E p Colite-28 2 2 2 2 2 2 2 2 2 2 þ þ Colitag 2 2 2 2 2 2 2 2 2 2 2 2 Variability for different enzyme-based products to suppress different strains of Aeromonas spp. was observed.
For example, the strain #1 of Aeromonas spp. seeded in Site 1 and Site 2 water was completely suppressed by MI agar however, MI agar failed to suppress Aeromonas spp. strain # 2. Conversely, MI agar failed to suppress Aeromonas spp.
strain #1 and completely suppressed # 2 in the presence of groundwater collected from Site 3.
Product inconsistencies were also observed. For example, in Table 9 Colisure w read at 48 hours was unable to suppress Aeromonas spp. strain #1 at lower concentrations but able to suppress Aeromonas spp. strain #1 at higher concentrations.
CONCLUSIONS
Further research with enzyme-based methods is needed to increase the amount of data to better understand the implications of these results. Additional investigation regarding how chemical characteristics and concentration of background heterotrophic bacteria may affect detection of total coliforms and E. coli when using enzyme-based technology is also needed. Future research will focus more on which methods surpass other methods in their ability to accurately detect low levels of chlorine-stressed total coliform and E. coli as well as in suppression of Aeromonas spp., as well as other non-coliform bacteria that may interfere with proper operation of the enzyme-based product. The study does stress the need for careful sideby-side evaluation of any method used in all sample matrices prior to being used for the analysis of drinking water samples (and source water) where the results will be used for making public health decisions.
